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Clathrate hydrates have potential applications in various domains and particularly for CO2 capture
where the search for additives able to speed up hydrate formation is of scientiﬁc, technological and
economical interest. This study investigates the potentialities of two additives used in combination for
enhancing CO2 enclathration rates: a surfactant (sodium dodecyl sulphate; SDS) and an organic
compound (tetrahydrofuran; THF). Experiments performed in batch and in semi continuous reactor
conﬁguration, reveal that this combination of additives efﬁciently promotes hydrate formation,
allowing a full water to hydrate conversion despite the quiescent forming conditions used. The
possible action mechanisms of this combination of additives are analyzed and discussed on the basis
of experimental data of hydrate phase equilibria (with and without additives), visual observations, and
kinetics experiments.1. Introduction
Clathrate hydrates (usually called simply hydrates) represent
active areas of research from a fundamental level to a practical one
(Sum et al., 2009). These stuctures are solid non stoechiometric
inclusion compounds formed by a lattice structure, composed of
water molecules (named hostmolecules) linked together by hydrogen
bonding, and stabilized by encapsulating a variety of small molecules
(named guest molecules). Numerous compounds have been reported
to form clathrate hydrates, including gas species (e.g., H2, CH4, CO2),
as well as low molecular weight organic compounds, e.g. acetone,
cyclopentane (CP) and tetrahydrofuran (THF). The type of crystal
structure formed depends on the chemical nature, the size and shape
of the guest molecule. The two most common structures are referred
to ‘‘structure one’’ denoted (sI) and ‘‘structure two’’ denoted (sII).fax: þ33 0 5 79 40 77 25.
.-P. Torre´).The (sI) structure, which observed, e.g. with CO2 or CH4, contains
8 cavities: two small pentagonal dodecahedral cavities denoted 512
and 6 large tetra(kai)decahedral cavities denoted 51262, with 46 water
molecules per unit cell. The (sII) structure, observed with larger
molecules, e.g. THF or CP, contains 16 small 512 cavities and 8 large
51264 hexa(kai)decahedral cavities, with 136 water molecules per
unit cell (Sloan, 2003).
While hydrate research continues to be of paramount importance
in relation to ﬂow assurance in the oil and gas industry, novel
applications of hydrates are investigated in various domains such
as gas transportation and storage, refrigeration and air conditio
ning applications, exploitation of potential sources of natural
gas from permafrost and marine sediments (combined or not with
CO2 sequestration), water treatment (desalination), and gas separa
tion processes (Sun et al., 2011). Among the various innovative
solutions proposed to capture CO2, hydrate based processes may be
more effective and more advantageous than conventional CO2 sepa
ration methods (such as cryogenic fractionation, chemical/physical
absorption, adsorption processes or membranes), which exhibit
Fig. 1. Rig #1 used for thermodynamic studies: (1) hydrate forming agitated
reactor; (2) gas storage vessel; (3) insulated bath; (4) heater; (5) cryostat; (6) bath
agitator; (7) data acquisition system (standard PC).(in some cases) high energy costs, insufﬁcient capacity, corrosion
problems or large amounts of chemicals used (Figueroa et al., 2008;
Sun et al., 2011). Gas separation techniques based on the use of
clathrate hydrates appears as a promising alternative and an eco
nomical option (Duc et al., 2007), which could be particularly
interesting in applications where the inlet gas containing CO2 is
available at high pressure and the separated CO2 is to be reinjected in
a geological formation. Thus, the technique being at the ‘‘proof of
concept’’ stage today is considered to be an interesting option on the
long term (Kuramochi et al., 2011).
Various studies have already discussed the effective separation
by gas hydrate formation of various mixed gases containing
carbon dioxide (Eslamimanesh et al., 2012). In recent years,
different efﬁcient processes have been tested, including stirred
vessels, spray or jets reactors, bubble columns, and mesoporous
media (Kang and Lee, 2010; Sun et al., 2011). However, one major
bottleneck associated to hydrate based CO2 capture processes
remains the slow hydrate formation kinetics.
In comparison to hydrate phase equilibria studies, kinetic data of
hydrate formation and dissociation, particularly for CO2 hydrates, are
rather scarce (Sabil et al., 2010). One manner to enhance the hydrate
formation kinetics is to add suitable additives to water. With the same
operating conditions, one possibility is to displace to higher tempera
tures and lower pressures the equilibrium conditions where hydrate
forms by using a class of additives named thermodynamic promoters.
Tetrahydrofuran (THF), which is a cyclic aliphatic ether, is one of the
most investigated guest thermodynamic promoter, used in many
hydrates studies as a reference system, because THF is able to form
with water a (sII) stoechiometric hydrate (THF 17H2O) at atmo
spheric pressure and moderately low temperature (Makino et al.,
2005). In presence of CO2 or CH4, a small amount of THF is able to
very signiﬁcantly reduce the pressure and increase the temperature
of formation of a mixed hydrate which contains both the gas to be
captured (CO2 or CH4) and THF (Sabil et al., 2009; Seo et al., 2003). For
instance, when only 3.8 wt% of THF added to water, the formation
pressure of a mixed CO2þTHF hydrate at 280 K is about one ﬁfth of
the formation pressure necessary to form the single CO2 hydrate
(Delahaye et al., 2006).
Other additives, referred to as kinetic promoters, enhance the
hydrate formation kinetics without modifying the thermodynamic
equilibrium of the systems studied. For instance, sodium dodecyl
sulfate (SDS), a widely used anionic surfactant, is well known to have
excellent kinetic promoting effects with respect to hydrocarbon
hydrate formation (Yoslim et al., 2010), at very low dosage (Gayet
et al., 2005), and without using any mechanical stirring (Okutani
et al., 2008). However, the same surfactant (used without any other
additive) seems to be rather ineffective in promoting CO2 hydrate
formation (Zhang and Lee, 2009). Although the ability of various
compounds for enhancing hydrate formation kinetics has been
mentioned for more than a decade (Zhong and Rogers, 2000), the
mechanisms by which these promoters increase the hydrate forma
tion rate are not fully understood and hardly debated (Di Proﬁo et al.,
2005; Rogers et al., 2007; Zhang et al. 2010).
In addition, the possibility to enclathrate the CO2 in the absence of
anymechanical agitation (that is in quiescent conditions) bymeans of
suitable additives would minimize risks of gas leakages through the
agitator gland packing, static electricity and sparks problems, parti
cularly when the reactor is maintained under pressure during
reaction and when the gas used is potentially hazardous and
ﬂammable (Watanabe et al., 2005). As argued recently by Linga
et al. (2010), the energy requirement necessary to maintain sufﬁcient
mechanical stirring of the hydrate slurry prevent the development of
large scale and cost competitive CO2 capture processes. In fact,
achieving high water to hydrate conversion and acceptable kinetics
under quiescent conditions (i.e., in the absence of agitation) is really a
challenge.Surprisingly, although THF and SDS are very commonly used
for various purposes in hydrate research or applications, the
effects of these two molecules used in combination are poorly
documented (Liu et al., 2008a, 2008b written in Chinese; Zhu et al.,
2011). The main conclusions drawn from these studies are: (i) the
use of these two additives in combination drastically reduces the
induction time (deﬁned as the time elapsed until the appearance
of a certain detectable quantity of hydrate phase); (ii) the kinetics
of CO2 enclathration depends on the concentration of the addi
tives. However, further work is still necessary to understand the
action of these two molecules. In the present paper, we investi
gate the inﬂuence of this combination of additives on the CO2
enclathration rate in quiescent conditions, both in batch and in
semi continuous reactor conﬁgurations.
This paper ﬁrst presents experimental CO2 hydrate equili
brium curves obtained with and without the SDS and/or THF as
additives. Then, kinetic data of CO2 enclathration in quiescent
hydrate forming conditions are presented in the presence or
absence of SDS and/or THF. The ﬁrst part of the kinetic experi
ments was conducted in batch reactor conﬁguration, where the
inﬂuence the additives was investigated, and where the batch
tests were used to deﬁne the optimum operating conditions
(‘‘optimal reactor pressure’’) for the ensuing semi continuous
isobaric experiments. These latter experiments are detailed in
the second part of the paper, where the effect of the THF
concentration was investigated at constant driving force during
hydrate formation. Then, the effect of this combination of addi
tives on the CO2 enclathration kinetics and the possible action
mechanisms are analyzed and discussed.2. Experimental apparatuses and materials
2.1. Experimental rigs
2.1.1. Experimental rig used for phase equilibria studies
The hydrate formation and dissociation curves presented in
Section 3 were carried out using the experimental apparatus
(denoted Rig #1) shown in Fig. 1.
The rig is equipped with two identical 316L stainless steel high
pressure cells (hydrate forming stirred reactors from Parr Instru
ments Company) entirely immersed in a fully insulated tempera
ture controlled bath. Each cell is connected to its own CO2 storage
vessel which allows, through a pressure reducing valve, the gas to
be charged into the cell at the desired pressure. The diameter of
each cell is 33 mm, and the total cell volume is 12870.5 cm3
(including the reactor top dome and ﬁttings). For all experiments
reported in Section 3, the rotation speed of the agitator was
maintained constant at 800 rpm. The reactors and bath tempera
tures are measured using PT100 probes and the pressure inside
the cells with 0 25 MPa transducers. All the data are monitored
and recorded in continuous using a standard PC equipped with
Specview& supervision software. The experimental accuracies for
the determination of hydrate equilibrium data (taking account of
technical speciﬁcations, data acquisition and repeatability tests)
with Rig#1 are estimated to be 70.2 K for temperature and
70.03 MPa for pressure measurements.2.1.2. Experimental rigs used for kinetic studies
As underlined by Koh et al. (2011), the measurements of
hydrate formation kinetics are generally plagued with reproduci
bility problems, and are often equipment dependent data. There
fore, for the kinetic studies reported in this paper, two different
rigs denoted Rig #2a and Rig #2b were used. The main part of
the kinetic data presented in this paper was obtained with Rig
#2a, with additional experiments performed on Rig #2b to
examine the robustness of the main data set.
The two rigs were built according to the same design shown in
Fig. 2.
Each rig allows running experiments up to pressures of 20 MPa
in the range of temperature from 263 to 323 K. The hydrate
forming reactor is a jacketed high pressure cell made in 316 L
stainless steel except for the inner shell which is in titanium TA6.
The internal volume of the reactor is of 168.070.9 cm3 for Rig
#2a, and of 174.070.9 cm3 for Rig #2b. Each reactor is equipped
by a star shaped magnetic agitator of 20 mm diameter driven by aFig. 2. Rigs #2a and Rig #2b used for kinetic studies: (1) hydrate forming reactor;
(2) magnetic stirrer; (3) camera; (4) lighting system; (5) thermostatic baths;
(6) CO2 storage vessel; (7) pressure-reducing valve and (8) data acquisition system
(standard PC).magnetic stirrer located on the bottom of the cell. Two sapphire
windows of 20 mm diameter and placed at 1801 from each other
are mounted on the cell. They allow lighting inside the reactor
and observing the different hydrate morphologies inside the
reactor with a camera (LiveCam Optia AF from Creative Labs).
The liquid and gas temperatures are measured with a precision of
70.2 K by two PT100 probes, and the reactor pressure is mea
sured with a 0 10 MPa pressure transducer with an accuracy of
70.02 MPa. The CO2 storage vessel used to feed the reactor is a
cylindrical 316 L stainless steel vessel of internal volume of
382.270.5 cm3, where the gas temperature and pressure are
measured by using a PT100 probe with an accuracy of 70.2 K,
and a 0 20 MPa pressure transducer with a precision of
70.03 MPa. A pressure reducing valve coupled to a digital
manometer allows adjusting the pressure of the feed gas in the
cell to the desired value. The monitoring and data acquisition are
done using a standard computer (PC) equipped with a LabViewTM
interface in which the acquisition frequency has been set to 1 Hz
for all experiments. The precision given of all of the sensors have
been estimated, integrating the data acquisition system and the
repeatability of the measurements.
The reactor can be operated in two different conﬁgurations:
batch and semi continuous. In the batch conﬁguration, the reactor is
isolated from the CO2 storage vessel and hydrate formation takes
place under isochoric conditions. In the semi continuous (or semi
batch, or isobaric) conﬁguration, fresh gas is delivered continuously
to the reactor under constant pressure and hydrate formation
takes place under isobaric conditions. It is important to note that,
although the agitation system of the reactor is efﬁcient for
enhancing gas solubilization, it is not capable of maintaining
any hydrate slurry in suspension: the agitator is immediately
stopped as soon the crystallization begins and hydrates grow in
quiescent conditions. The reactor is thus qualiﬁed as a quiescent
hydrate forming reactor.
2.2. Materials
The gas used in this work is carbon dioxide (CO2) provided by
Linde gas (purity 99.995%). Chemicals used are sodium dodecyl
sulfate (SDS) from Chem Lab (purity498%) and tetrahydrofuran
(THF) from Sigma Aldrich (purity499.9%). All aqueous solutions
are prepared using ultra pure water (resistivity of 18.2 MO cm)
produced in our laboratory by a PureLab Classic from ELGA
Labwater. The solutions containing the additives THFþSDS are
always prepared by ﬁrst dissolving the desired amount of SDS
into 50 ml of ultra pure water, then adding the desired mass of
THF, and ﬁnally adjusting under agitation the total mass of the
solution with ultra pure water to 200.0070.01 g.3. Hydrate phase equilibria of CO2/H2O/SDS and CO2/H2O/THF/
SDS systems
Prior to the kinetic studies, the inﬂuence of the two additives
(THF and SDS) on hydrate phase equilibria is assessed from
formation/dissociation experiments, which consist in monitoring
the reactor temperature (TR) and reactor pressure (PR) during a
hydrate formation/dissociation cycle. In a cycle, the hydrate phase
is ﬁrst formed from the aqueous solution and gas by cooling the
system deep enough into the hydrate stability zone (HSZ), and
then the hydrate(s) formed are slowly dissociated by heating at a
low rate. This cycle is hysteretic in character, i.e. temperature and
pressure differ in the formation and dissociation stages, due to
metastability. A strong departure from equilibrium conditions
(or ‘driving force’) is usually required for hydrate formation,
whereas the dissociation part of the hysteresis curve follows



(ii) When only SDS is present in water, the observations and
conclusions are identical to those in the absence of SDS (case
(i)): hydrates do not form. In addition, the presence of
0.3 wt% SDS in water has no noticeable effect of the quantity
of CO2 dissolved in the solution, as evidenced by the identical
ﬁnal pressure, even though CO2 dissolves in the aqueous
phase more rapidly than in the absence of SDS (Ricaurte
et al., 2012). In some experiments where the reactor is
maintained under agitation at TR¼275 K during more than
two days, hydrate crystallisation is not observed. As shown in
snapshot B of Fig. 7, the initially transparent solution ends up
in a turbid liquid, indicating that the reactor temperature is
below the Krafft temperature where SDS is no longer soluble
in water.(iii) When only THF is present in water, the formation of the ‘‘ﬁrst
hydrate’’ occurs (at TR¼281.8 K and PR¼2.47 MPa). This
hydrate formation is easily identiﬁed by the small exother
mic peak visible (inset presented in Fig. 7) in the temperature
curve. After this ﬁrst crystallisation, the reactor pressure
decreases very slowly and no ‘‘high rate’’ CO2 enclathra
tion takes place. This observation has been conﬁrmed by
several experiments. In addition, the morphology of the
solid observed at the end of the experiment is shown in
snapshot A. The bulk liquid contains a large quantity of white
solid, in appearance compact, and no crystallisation on the
reactor window is observed in this case.(iv) When THF and SDS are present, a very different behaviour is
observed. As discussed in previous subsection, pressure
dramatically decreases shortly after the formation of the
‘‘ﬁrst hydrate’’, and eventually reaches the equilibrium pres
sure of the pure CO2 hydrate at the temperature considered
(275 K here). The inﬂuence of the additives concentrations on
the kinetic curves has been described previously in Torre´
et al. (2011a): in short, the enclathration rate depends on SDS
concentration and a SDS concentration superior or equal to
0.15 wt% is suitable to enclathrate CO2 at high rate in a
reasonable time (that is the reason why a concentration of
0.3 wt% is used here); this rate also depends on THF con
centrations and a minimum of 1 wt% of THF in solution is
suitable (that is why the concentrations of THF investigated
here are 1 and 4 wt%).4.1.3. Discussion
As discussed previously, when THF and CO2 are present
together, a mixed CO2þTHF with hydrate structure (sII) forms
ﬁrst when temperature is lowered, with large cavities occupied by
THF and small cavities by CO2. In Fig. 6(b), it is obvious from the
position of the exothermicity peak located between the two
hydrate equilibrium curves (of pure CO2 and mixed CO2þTHF
hydrates) that the crystallization observed at this point is that of
the mixed hydrate CO2þTHF. However, the determination of the
exact composition of this mixed hydrate and the ﬁlling occupancy
of the cages would require for example the use of spectroscopic
techniques, such as Raman or NMR (Rovetto et al., 2007; Seo et al.,
2003), which was not available in our laboratory. Assuming that
all THF is enclathrated in this ‘‘ﬁrst hydrate’’ (a mixed CO2þTHF
hydrate), the solid which then appears and grows (particularly
upon the see through window, see Fig. 6) is attributed to pure
CO2 hydrate formation. This ‘‘second hydrate’’ formation occurs in
fact close to the equilibrium conditions of the pure CO2 hydrate,
meaning that the ‘‘ﬁrst hydrate’’ which is present in the bulk acts
as a powerful ‘‘catalyst’’ (or precursor) of the ensuing second
formation of pure CO2 hydrates. The same mechanism has been
already suggested by Zhang and Lee (2009) for CO2 hydrateformation in presence of cyclopentane (CP is also a very good
‘‘thermodynamic promoter’’ of (sII) hydrates), and Uchida et al.
(2004) who suggested that the existence of hydrate crystals in the
system help to nucleate other hydrate crystals. Finally, the reactor
pressure drastically decreases due to hydrate formation and CO2
enclathration stops because the reactor pressure reaches the pure
CO2 hydrate equilibrium pressure. This observation, already
mentioned by others (Liu et al., 2008a; Torre´ et al., 2011a), is
one of the most robust evidence that the hydrate which forms
from the mixed CO2þTHF hydrate is pure CO2 hydrate.
Concerning the experiments carried out in presence of SDS, it is
worth noting that the concentration used here (0.3 wt%) is slightly
higher than the critical micelle concentration (CMC) at ambient
conditions (CMCSDS¼0.23 wt% at 298 K according to Rana et al.
(2002)). However, SDS solubility has been found to be only a
function of temperature and to not vary signiﬁcantly in presence
of CO2 and with the gas pressure (Zhang et al. 2007). Few authors
(Bakshi, 1993; Lopez Grio et al., 1998) have shown that the addition
of small amounts of water soluble organic additives (such as THF,
acetonitrile, methanol, or DMSO) may inﬂuence micelle formation,
interfacial properties and CMC. In addition, various Krafft tempera
tures of SDS in water at ambient pressure conditions (i.e., in the
absence of any dissolved gas in water) have been reviewed by
Watanabe et al. (2005), who proposed an averaged value at
TK(SDS)¼28574 K. However, to the best of our knowledge, nothing
was found in the open literature concerning the inﬂuence of THF on
the Krafft points of SDS aqueous solutions. Thus, SDS precipitation at
the temperature of interest here (TR¼275 K) is very likely (as shown
in snapshot B of Fig. 7), but interfacial properties and Krafft points of
SDS in the presence of both THF and CO2 in aqueous solution need
to be further investigated.
One of the possible explanations why CO2 enclathration is very
efﬁcient when THF and SDS are used jointly (even in quiescent
conditions) may be that the action of the two additives confers a
porous structure to the hydrates formed into the bulk, which then
remains continuously permeable to CO2. Note that the formation
a hydrate layer or crust at the w/g interface preventing gas/liquid
transfer has never been observed in the presence of both addi
tives, which supports the proposed scenario. Concerning the
possible mechanisms responsible for this behaviour, Zhang et al.
(2008, 2010) have suggested (on the basis of zeta potential
measurements) that the dissociated DS anions adsorb on THF
hydrate and thus keep this hydrate in dispersed form due to
electrostatic repulsion between hydrate particles. The adsorption
of SDS has also been claimed by Lo et al. (2010) to occur onto
cyclopentane hydrates on the basis of Raman spectroscopy: these
authors argued that the adsorption at the water hydrate interface
causes hydrogen bond water molecules to arrange in the same
manner that they are in hydrates, and proposed that this
mechanism could enhance the intrinsic enclathration rate.
The formation of a ‘‘porous’’ hydrate structure in the bulk could
also be explained by the coexistence of different hydrates and/or
structures (Schicks and Ripmeester (2004)). In our case, there are at
minimum two different coexisting hydrates: the mixed CO2þTHF
hydrate of structure (sII) which forms ﬁrstly, and the CO2 hydrate
which forms later. Another assumption is that the presence of the
‘‘ﬁrst hydrates’’ of structure (sII) in the bulk acting as a template, it
could be possible that a metastable form of CO2 hydrate of
structure (sII) was formed transiently. Metastable (sII) hydrates
formed with guests usually known to form (sI) hydrates have been
already observed and characterized by Staykova et al. (2003) with
CO2 as the guest molecule, and by Schicks et al. (2006) with
methane. Schicks and Ripmeester (2004) have also argued that,
when a (sII) precursor is already present, a metastable phase of
methane hydrate (sII) can form and is the kinetically favored
structure compared to the methane hydrate (sI). This observation
has also been reported by Moudrakovski et al. (2001) with Xenon
(the smallest hydrate former known to form (sI) hydrate), which
can form s(II) metastable Xe hydrate when a powdered (sII) THF
hydrate is initially present. In our experiments, the growth of a
hydrate ﬁlm on the reactor see through window as soon as the CO2
hydrate equilibrium curve is crossed, and then the rapid decom
position of this solid (phenomenon visible in the snapshots of
Fig. 6) might be linked to this formation of (sII) metastable CO2
hydrate. This ﬁlm may grow ﬁrst by contact with the (sII)
CO2þTHF mixed hydrate present initially in the bulk, and then,
as this structure is not thermodynamically stable, decompose into
a more stable (sI) structure. Unfortunately, this assumption cannot
be veriﬁed for the moment as it needs adapted in situ Raman, NMR
or XRD measurements.4.2. Experiments in semi continuous reactor conﬁguration
4.2.1. Experimental protocol and types curves
When the system is operated in a semi continuous conﬁgura
tion, fresh gas is continuously fed in the reactor under constant
pressure while gas hydrates are forming. The constant pressure
chosen for the experiments in the semi continuous conﬁguration
reported below is that corresponding to the maximum CO2
enclathration rate determined in the previous set of batch
experiments (see Section 4.1), to which the system is brought
according to the same procedure as that described in Section 4.1.
This ‘‘optimum’’ pressure turns out to be fairly reproducible and
independent of parameters such as THF concentration (from 1 to
4 wt%) and initial pressure (from 2.43 to 3.50 MPa): its mean
value as estimated from a total of 33 batch experiments is equal
to 1.89 MPa with a standard deviation of 0.08 MPa (see Appendix
A). The semi continuous experiments reported below have been
carried out with a THF concentration in the aqueous solution of
either 1 wt% or 4 wt%, an initial pressure equal to 2.7 MPa and a
SDS concentration equal to 0.3 wt%. The purposes of these
experiments are: (i) to demonstrate the feasibility of a quiescent
semi continuous process to capture CO2 by hydrate crystalliza
tion by using the SDSþTHF combination of additives; and (ii) to
investigate whether the quantity of THF has any inﬂuence on the
CO2 enclathration rate and on the total amount of CO2 captured in
the hydrate phase. Most experiments are performed with Rig #2a,
whereas a few experiments are carried out with Rig #2b to check
for the reproducibility and robustness of the results.
The experiments thus entail two distinct and consecutive
periods:1. In the initial period, the reactor is used as described in previous
subsection: CO2 is ﬁrst solubilized in the aqueous phase, and
the system is then cooled down into the region of hydrate
formation while pressure decreases down to the pressure of
maximum CO2 enclathration rate (1.89 MPa),2. when this ‘‘optimum’’ pressure is reached, the semi continuous
period starts, i.e., the reactor is switched from batch to semi
continuous conﬁguration by opening up a manual valve which
allows feeding the reactor with fresh gas at the desired
constant pressure (PR¼1.89 MPa).
The results of a typical experiment, carried out with 1 wt% of
THF and 0.3 wt% of SDS, are depicted in Fig. 8(a), which shows the
evolution of the reactor and CO2 storage vessel pressures versus
time, and the reactor temperature versus time. Fig. 8(b) presents
the corresponding path in the P T diagram (same experiment) where
the Lw H V equilibrium curves of pure CO2 and mixed CO2þTHF
hydrate are also represented. Snapshots of thew/g interface at various
times (labelled A, B, C, etc.) are also shown in Fig. 8.The solubilization period and the initial aspect of the solution
(snapshot A) are indeed identical to those observed when the
reactor is operated in batch conﬁguration (see previous section).
Note that, in parallel to the reactor cooling, the temperature of the
CO2 storage vessel is decreased from 293 to 283 K in order to pre
cool the gas which will be later brought to the reactor (this
temperature of 283 K was chosen to prevent the CO2 liquefaction
into the CO2 storage vessel). At this THF concentration (1 wt%),
the crystals of the ﬁrst hydrate formed in the bulk of the aqueous
phase (see snapshot B of Fig. 8) are observed to settle down
rapidly and form a solid like deposit visible in the bottom of the
reactor window (snapshot C) for a temperature slightly above the
target temperature of 275 K (the agitator is switched off as soon
as the solution becomes turbid). As discussed in previous subsec
tion, the formation of this ‘‘ﬁrst hydrate’’ is accompanied by a
noticeable exothermicity: the temperature of the liquid phase
rises suddenly (see the inset in Fig. 8(a)), whereas the reactor
pressure continues to decrease; a solid like layer grows up very
quickly on the reactor windows (snapshot D), while solid particles
continue to be formed in the bulk (snapshot E).
When the reactor is switched to the semi continuous conﬁg
uration, the pressure of the CO2 storage vessel decreases with
elapsed time due to the CO2 consumption needed for hydrate
formation, as shown in Fig. 8(a). Snapshots F, G and H of Fig. 8
show evidence of rapid water consumption: the level of liquid in
the reactor decreases rapidly and drops down to below the
bottom of the see through windows. This observation agrees
with the mechanism referred to ‘‘capillary driven’’ in which
hydrates grows on the cold reactor shell (we have veriﬁed this
by opening our reactor at the end of the CO2 enclathration), and
this porous structure pumps the aqueous phase by capillarity
(Gayet et al., 2005; Zhang and Lee, 2009). Finally, the reactor
temperature decreases slowly from about 276 K to the target
temperature of 275 K, whereas the pressure of the CO2 storage
vessel stabilizes to a constant value, signifying that hydrate
formation has ended.4.2.2. Results and discussion
On the basis of the results of the thermodynamic studies
(Section 3) and of the batch experiments (Section 4.1), we have
concluded previously that the ﬁrst hydrate generated in the bulk
(seen in snapshot B of Fig. 8) is attributed to the mixed CO2þTHF
hydrate. Therefore, one of the most interesting features is that,
similarly to the situation (detailed in Section 4.1) in which the
aqueous phase is more concentrated (4 wt%) in THF, the rapid
generation of a few crystallites of mixed CO2þTHF hydrate in the
bulk of the aqueous phase (with 1 wt% THF) is sufﬁcient to
immediately promote the formation of pure CO2 hydrate.
The CO2 molar quantity entering the reactor in the semi
continuous period (i.e. leaving the CO2 storage vessel), denoted
DnSVCO2 , is presented in Fig. 9 as a function of the time elapsed since
the beginning of the semi continuous period for the two THF
concentrations investigated (1 and 4 wt%). This quantity is
inferred from the (isothermal) pressure variation in the CO2
storage vessel using the Peng Robinson equation of state
(PR EoS). The results from seven independent experiments car
ried out with Rig #2a for each of the two THF concentrations
investigated are reported in Fig. 9, from which reliable values of
two quantities of interest namely the CO2 enclathration rate
in the semi continuous period (dnCO2=dt) and the total CO2
consumption over the semi continuous period (DnSVCO2



tot
) can
be calculated. The experimental data exhibit some scatter, which
thus can be quantiﬁed from the repeated experiments.
It can be remarked that, for the two THF concentrations tested,
this rate is fairly constant over a large period of time. This behaviour


Table 3
Comparison of the theoretical calculations to the experimental estimations.
[THF] 1 wt% [THF] 4 wt%
Theoretical values
nHCO2



theo
with NðsIIÞCO2 1
0.476 0.425
-btheo 1.121
nHCO2



theo
with NðsIIÞCO2 2
0.485 0.460
- btheo 1.053
Experimental values
ngCO2



i
(mol) 0.138
nsolCO2



i
(mol) 0.0569 0.0583
DnSVCO2



tot
(mol) 0.371 0.320
ngCO2



f
(mol) 0.0819
nHCO2



exp
(mol) 0.484 0.434
-bexp 1.114We have ﬁxed NðsIÞw to 7.3 for the CO2 hydrate according to
Uchida et al. (1995). In addition, Shin et al. (2009) demonstrated
by experimental Raman measurements that the large cages of the
CO2þTHF mixed hydrates would be dominantly occupied by THF
molecules even if the hydrate is formed from off stoechimetric
aqueous THF solutions, and their conclusions are in agreement
with typical occupancies of large cavities which are greater than
95% (Sloan and Koh, 2008). Therefore, the value of NðsIIÞw ¼ 17 has
been adopted for the CO2þTHF mixed hydrate. As to NðsIIÞCO2 , Seo
et al. (2003) have showed experimentally that the cages of (sII)
mixed hydrates (CH4þTHF in this case) are not fully occupied by
guests, and that the cage occupancy is dependent of the THF
concentration. In addition, Martinez et al. (2008) found experi
mentally, for mixed CO2þTHF hydrates, values of NðsIIÞCO2 signiﬁ
cantly inferior to 2 and dependent on CO2 pressure, consistent
with the argument by Sloan and Koh (2008) that the occupancy of
the small cavities varies widely depending on the guest composi
tion, temperature and pressure (typical fractional occupancies of
small cavities in simple hydrates from 0.3 to 0.9). However, in
some cases, full occupancy of the (sII) hydrate structure may also
be considered in a ﬁrst approach as a practical simplifying
assumption (Marinhas et al., 2007; Torre´ et al., 2011b). Accord
ingly, two values of NðsIIÞCO2 have been tested in the following
calculations: NðsIIÞCO2 ¼ 1 giving half occupancy by the CO2 molecules
of the 51264 cages of (sII), and NðsIIÞCO2 ¼ 2 for full occupancy.
From our experiments, the molar quantity of CO2 trapped in
the two hydrates nHCO2



exp
can be determined easily by a mass
balance between the initial quantity of CO2 after the solubiliza
tion period and the ﬁnal state (denoted by the subscript f) at the
end of the semi continuous period. Thus, the total number of CO2
contained into the hydrates is estimated by Eq. (2) as follows:
nHCO2



exp
¼ nCO2


i
þDnSVCO2



tot
ngCO2



f
ð2Þ
where:
nCO2


i
¼ ngCO2



i
þnsolCO2



i
is the sum of the CO2 present in the gas
phase (denoted by superscript g) and the CO2 solubilized
(denoted by superscript sol) in the solution at initial conditions
(TR¼293.1 K and PR¼2.70 MPa), DnSVCO2



tot
is the total CO2 exiting
the CO2 storage vessel during the semi continuous period, and
ngCO2



f
is the remaining gas in the top of the reactor at the end of
the semi continuous period (at TR¼275.15 K and PR¼1.89 MPa),
taking into account the liquid volume expansion due to hydrate
formation.
Form both the theoretical and the experimental point of views,
it is possible to determine the ratio, denoted b, between the molar
quantities of CO2 trapped in the hydrates for [THF]¼1 wt% and
[THF]¼4 wt% as:
b¼
nHCO2



½THF 1 wt%
nHCO2



½THF 4 wt% ð3Þ
Table 3 compares the results obtained from the model (Eq. (1))
and from the experiments (Eq. (2)) for the two THF concentra
tions investigated. The solutions densities were calculated at
293.15 K using the density model developed previously in
Ricaurte et al. (2012): 0.99768 g/cm3 for [THF]¼1 wt% and
0.99628 g/cm3 for [THF]¼4 wt%. The liquid to hydrate expansion
factor (volume of hydrate/volume of liquid) has been considered
equal to that of the (sI) CO2 hydrate, i.e., 1.279 from Jung et al.
(2010).
The theoretical and experimental values are in good agree
ment, showing further evidence for the validity of the proposed
mechanism and of the considered main assumptions (such as full
conversion of water into hydrate, and full THF enclathration into
the mixed (sII) CO2þTHF hydrate). In the conditions tested here,the results of the theoretical calculations are rather insensitive to
the value of NðsIIÞCO2 (as shown in Table 3 for values of N
ðsIIÞ
CO2
equal to
1 and 2), because the quantity of the (sII) mixed CO2þTHF
hydrate remains largely inferior to the quantity of the (sI) CO2
hydrate. However, by matching the experimental quantities to
the theoretical ones, it is possible to estimate the formula of the
(sII) hydrate, assuming NðsIÞw ¼ 7:30 and NðsIIÞw ¼ 17. The resolution
of the equations (by an numerical optimization based on the
least squared method) gives the better best result for NðsIIÞCO2  1:3.
With this optimal number, the total quantity of CO2 enclathrated
in hydrates is equal to nHCO2



opt
theo
¼0.479 and 0.436 mol for [THF]¼1
and 4 wt%, respectively (instead of 0.484 and 0.434 mol found
experimentally), and bopttheo¼1.099 (instead of 1.114 found
experimentally).
These results show very clearly how the addition of THF
impacts negatively the total quantity of CO2 enclathrated. The
formation of the mixed hydrate, which is needed for promoting
the formation of the (sI) CO2 hydrate, uses a non negligible
quantity of water (17 mol of water per mole of THF). This water
is not available later for the formation of pure CO2 hydrates and,
accordingly, reduces the quantity of CO2 enclathrated.5. Concluding remarks and perspectives
To develop efﬁcient hydrate based CO2 separation processes, a
research effort is still necessary to achieve high water to hydrate
conversion, high selectivity of the hydrate phase towards CO2 and
sufﬁcient enclathration rates (rapid kinetics), with the purpose to
reach competitive costs with respect to realistic processes. One
solution is to ﬁnd appropriate additives to the aqueous phase. The
combination of two water soluble additives a cyclic ether (THF)
and a surfactant (SDS) has been investigated, focusing on their
inﬂuence on hydrate equilibrium curves and CO2 enclathration
rate. At this stage, the gas used is pure CO2: the selectivity of the
hydrate phase toward CO2 when the gas is a mixture of CO2
and CH4 will be investigated in a subsequent work.
Firstly, the equilibrium curves of the CO2 hydrate and the
mixed CO2þTHF hydrate (4 wt% THF in water) have been deter
mined experimentally in the presence and absence of SDS
(0.3 wt%). It is conﬁrmed that, in presence of THF, the mixed
CO2þTHF hydrate forms at higher temperatures and lower
pressure in comparison to pure CO2 hydrate equilibrium
reactor pressure at inflexion point (MPa)
18 19 20
Fig. 11. Box and whiskers diagram of the inﬂexion point pressure data. Number of
values 33; Min value (left whisker) 1.77 MPa; Max value (right whis-
ker) 2.04 MPa; the mean value (symbol in the middle of the box) 1.89 MPa;
the median (vertical line in the box) 1.87 MPa; standard deviation 0.08 MPa.conditions (THF is a strong thermodynamic promoter), and that
SDS has no inﬂuence on the equilibrium curves of pure CO2
hydrate and of the mixed CO2þTHF hydrate.
Secondly, kinetic studies carried out in quiescent hydrate
forming conditions both in batch and in semi continuous reactor
conﬁgurations reveal that the two additives must be used in
combination to achieve high conversion into hydrates and rapid
CO2 enclathration rates, at least for a temperature decrease down
to 275 K and initial CO2 pressure in the range of 3 MPa. Experi
ments in a batch reactor conﬁguration allow deﬁning ﬁrst the
‘‘optimum’’ operating pressure conditions for the ensuing semi
continuous isobaric experiments, in which the conversion of all
the water present into CO2 hydrates is achieved in a reasonable
amount of time and in quiescent conditions. The measured CO2
enclathration rate in the latter semi continuous (isobaric) condi
tions increases only slightly with THF concentration in water.
From 1 to 4 wt%, the quantity of CO2 enclathrated is somewhat
lower when THF concentration is higher, due to the formation of a
mixed THFþCO2 hydrate which contains a non negligible quan
tity of water. Finally, the proposed mechanism, in which the
mixed CO2þTHF hydrate phase forms ﬁrstly in the bulk of the
aqueous phase and promotes (through the presence of a few
crystallites) the ensuing formation of CO2 hydrate, agrees with all
of our observations, measurements and calculations, and is
consistent with the already published data for mixed hydrates
containing THF, particularly those by Seo et al. (2003) and by Shin
et al. (2009). Nevertheless, additional investigations are necessary
to understand the reason why this combination of additives
(THFþSDS) is so efﬁcient, and what is the exact role played by
the surfactant.
Other experiments are actually in progress in our laboratory
with this couple of additives to: (i) quantify the selectivity of the
CO2 separation when the gas is a mixture of CO2 and CH4
(Ricaurte et al., 2011), (ii) characterize the transient hydrate
structures using Raman spectroscopy, and (iii) determine pre
cisely the absolute cage occupancy of the guests (THF and CO2) in
the (sII) structure. More generally, the additive combination of a
kinetic hydrate promoter with a thermodynamic hydrate promo
ter is potentially very promising for improving hydrate based CO2
capture processes.Acknowledgments
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this work.Appendix A. Statistical analysis concerning the data of reactor
pressure at inﬂexion points
All the data considered for this statistical analysis (total of
33 inﬂexion points) has been computed using the software
Statgraphicss. The result of the analysis is simply illustrated
using a Box and Whiskers diagram shown in Fig. 11. No outlier
and no suspect point were identiﬁed. The average value was
estimated to be PRavg¼1.8970.08 MPa.References
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